Bunyamwera virus (BUNV) is the prototype of the Bunyaviridae family of RNA viruses. BUNV genomic strands are templates for both replication and transcription, whereas the antigenomic RNAs serve only as templates for replication. By mutagenesis of model templates, we showed that the BUNV transcription promoter comprises elements within both the 3 and the 5 nontranslated regions. Using this information, we designed a model ambisense BUNV segment that transcribed BUNV S mRNA from the genomic strand and green fluorescent protein (GFP) mRNA from the antigenome. Demonstration of GFP expression showed that this ambisense strategy represents a viable approach for generating BUNV segments able to express additional proteins.
The Bunyaviridae family of RNA viruses comprises five genera, namely, Orthobunyavirus, Hantavirus, Nairovirus, Phlebovirus, and Tospovirus. Many bunyaviruses cause life-threatening human disease and consequently are described by the Centers for Disease Control and Prevention as category A, B, and C priority pathogens. The prototype of the Bunyaviridae family is Bunyamwera virus (BUNV), which serves as a model for the many pathogens within this family.
The BUNV genome comprises three segments of negativesense RNA, designated small (S), medium (M), and large (L). The S segment encodes the nucleocapsid (N) and nonstructural proteins (NSs) expressed from overlapping open reading frames (ORFs) on the same mRNA (8, 11, 12) . The M segment encodes a polyprotein that is cleaved to yield Gn, Gc, and NSm proteins (6, 12, 13) . The L segment encodes the RNA-dependent RNA polymerase (RdRp) (7) .
The ORFs of each segment are flanked by nontranslated regions (NTRs) that direct the RdRp to perform two distinct RNA synthesis activities: (i) transcription to generate a single mRNA and (ii) replication to generate antigenomes that are replicated to generate further genomes. The BUNV S-segment genome is a template for both replication and transcription, whereas the antigenome serves only as a template for replication (5, 14) . This division of template activity, in which a functional mRNA is transcribed only from the genomic strand, is not a universal feature of all bunyavirus members. Many viruses within this group perform ambisense transcription, in which both genome and antigenomes are transcriptionally active. The ambisense strategy of gene expression is a feature of the segmented arenaviruses and recently has been artificially bestowed upon several nonsegmented negative-sense RNA viruses (9, 18) .
The fundamental difference in activity of the BUNV genomic and antigenomic RNAs suggests that these strands are recognized differently by the BUNV RdRp, which is likely due to critical nucleotide differences within the 3Ј and 5Ј NTRs of these RNAs. For the BUNV S segment, the 3Ј and 5Ј NTRs are 85 and 170 nucleotides in length, respectively. To facilitate our search for nucleotides responsible for the different strand activities, we constructed WT(25/25), which comprises nucleotides 1 to 25 of 3Ј and 5Ј NTRs surrounding the intact BUNV S-segment ORF (Fig. 1A) . To analyze the RNA synthesis activity of WT(25/25), the corresponding cDNA was transfected together with BUNV S-and L-segment ORF containing plasmids into BHK-21 cells previously infected with recombinant vaccinia virus vTF7-3, which expresses T7 RNA polymerase. Primer extension of end-labeled oligonucleotides Left-BUN (5Ј-GCGACCTCTGGGTCAAAAGTACTGC-3Ј) and Right-BUN (5Ј-GGAAGAAAACCAATGTTAGTGCAGC-3Ј), performed as described previously (3) (4) (5) , showed that the genomic and antigenomic strands of WT(25/25) exhibited the same RNA-synthetic characteristics as their full-length counterparts such that the genome signaled both transcription and replication (Fig. 1B, lane 1, and C) , whereas the antigenome signaled only replication (Fig. 1B, lane 3, and C) .
There are 18 nucleotide differences between these strands, and one or more must be a critical component of the transcription signal. These nucleotides comprise mismatched nucleotides at 3Ј and 5Ј position 9 and eight further nucleotides within each NTR (positions 16 to 18, 20, and 22 to 25 [ Fig.  1A] ). The goal of this study is to identify which of these nucleotides are essential for transcription.
We previously showed that the U residue at 3Ј position 9 was critical for transcription, whereas corresponding 5Ј position 9 could be changed with no effect (5) . We also showed that this U residue was not the sole component of the transcription promoter, as it did not signal transcription when within the transcriptionally silent antigenome (5) . In addition, we determined that the remaining eight nucleotide differences between the 3Ј NTRs of genomic and antigenomic strands played no role in transcription signaling (5) . Together, these findings imply that an essential transcription signal likely resides within two elements located at opposite ends of the template: the U at genomic 3Ј position 9 and the eight nucleotides located at genomic 5Ј positions 16 to 18, 20, and 22 to 25. To test this hypothesis, we introduced these elements into the nontranscribing antigenome of WT(25/25). If our hypothesis was correct, transfer of both elements would confer transcription signaling ability to this strand.
We first inserted each element individually to show that neither was sufficient alone to signal transcription. First, the U residue was incorporated at position 9 within the WT(25/25) antigenome to generate WT(25/25)-U/A ( Fig. 2A , top schematic). Primer extension analysis using oligonucleotide Right-BUN showed that the WT(25/25)-U/A antigenome signaled replication but not transcription ( Fig. 2A, lane 1) . We next placed the eight-nucleotide element within the antigenomic 5Ј NTR of WT(25/25) to generate AG-CB(25/25)-U/G ( Fig. 2A , middle schematic). Again, primer extension analysis using oligonucleotide Right-BUN showed that the antigenome signaled replication but not transcription ( Fig. 2A, lane 5) . Finally, we Fig. 2A, bottom schematic) . Primer extension analysis using oligonucleotide Right-BUN showed that the antigenome strand signaled both replication and transcription ( Fig. 2A, lane 9) , thus confirming our hypothesis that nucleotides essential for transcription were located at 3Ј position 9 and also 5Ј positions 16 to 18, 20, and 22 to 25. Based on our hypothesis, all alterations made to the antigenomic strands of WT(25/25)-U/A, AG-CB(25/25)-U/G, and AG-CB(25/25)-U/A should not affect the existing transcription signal within the corresponding genomic RNAs. Primer extension analysis using oligonucleotide Left-BUN showed these genomic strands maintained transcription signaling ability (Fig.  2B, lanes 3, 7, and 11 These results show the transcription promoter involves nucleotides located at 3Ј and 5Ј ends of the template. We recently determined that BUNV RNA replication required complementarity between nucleotides within 3Ј and 5Ј NTRs, and their signaling ability depended on base-pairing potential rather than specific identity (3). In contrast, nucleotides required for transcription are predicted to be unpaired in the wild-type template (Fig. 1A) , and so their signaling ability may depend on nucleotide identity rather than base-pairing potential with nucleotides at the opposite end of the template. However, despite these possible differences, the common requirement for 3Ј and 5Ј nucleotides suggests that both replication and transcription require template circularization. It is well (Fig.  3A) . The ability of these templates to express functional GFP mRNAs was analyzed by using fluorescence microscopy.
Only cells transfected with AG-CB(25/25)-U/A-GFP and both S and L plasmids generated fluorescence (Fig. 3B) , indicating that the GFP mRNA was translatable. As predicted from our earlier results ( Fig. 2A, lanes 1 and 5) , fluorescence was not detected in dishes containing WT(25/25)-U/A-GFP and AG-CB(25/25)-U/G-GFP or dishes lacking the L plasmid. Interestingly, the AG-CB(25/25)-U/A-GFP antigenome does not contain the signal that terminates BUNV S-segment transcription upstream of the genomic 5Ј end (J. N. Barr, J. W. Rodgers, and G. W. Wertz, submitted for publication). This signal could place sequences or secondary structures at the mRNA 3Ј end to functionally replace poly(A) tails that BUNV mRNAs lack. However, translation of the GFP mRNAs suggests that BUNV-specific sequences or structures are not essential for translation.
We next wanted to determine which nucleotides within 5Ј positions 16 to 18, 20, and 22 to 25 were essential for transcription. To achieve this, we individually altered each of these nucleotides within the nontranscribing antigenome of WT(25/ 25)-U/A to the identity of the corresponding nucleotide from the transcriptionally active antigenome of AG-CB(25/25)-U/A (Fig. 4A) . We anticipated that stepwise alteration of these nucleotides would confer transcription ability to the WT(25/ 25)-U/A antigenome only when nucleotides critical for transcription signaling were present.
The ability of the resulting antigenomes (TWT1 to TWT7) to signal transcription was analyzed by primer extension using oligonucleotide Right-BUN. Our results show that all antigenomes from TWT1 to TWT7 (Fig. 4B, lanes 1 to 7) signaled increased transcription compared to the nontranscribing WT(25/25)-U/A antigenome (Fig. 4B, lane 10) . Transcript abundance increased through the series as follows: TWT1 Ͻ TWT2 Ͻ TWT3 Ͻ TWT4 (Fig. 4B, lanes 1 to 4) , such that the transcription signaling ability of TWT4 was indistinguishable from that of AG-CB(25/25)-U/A (Fig. 4B, lane 8) . This shows that corresponding nucleotides 16, 17, 18 , and 20 of the 5Ј NTR form a critical element that is required for abundant BUNV transcription.
In conclusion, we have identified nucleotides within BUNV 3Ј and 5Ј NTRs that are essential for signaling transcription. We used this information to generate a BUNV segment capable of ambisense expression, and we suggest that this mode of transcription represents a potential strategy for generating re- The ability of the antigenomic strands of these templates to express GFP was analyzed using a Nikon Eclipse TE2000-E fluorescence microscope 20 h posttransfection at a magnification of 60ϫ. 
